Introduction
Hypertension is one of the most common diseases in modern society. Twenty-four per cent of American adults are estimated to have hypertension [1] . The importance of hypertension derives not just from the high prevalence but also from the close relationship with cardiovascular morbidity and mortality [2] . In considering the pathogenesis of hypertension, dietary NaCl (termed 'salt' in this review) has long been appreciated as a major contributing environmental factor. However, despite intense interest and research in the blood pressure response to salt intake, it is remarkable that a consistent definition of salt sensitivity has not emerged. It is clear that blood pressure responses to dietary salt intake vary among individuals, and the degree of these responses can be grouped into categories of salt sensitivity and salt resistance, but exact definitions and protocols used to determine the effect of salt differ among investigators. Some investigators, for example, define salt sensitivity by a shift in the pressure-natriuresis curve, an approach that is focused on renal mechanisms of salt handling. Other approaches have been used to examine the cardiovascular effects of salt sensitivity. In one protocol championed by Weinberger et al. [3] , intravenous infusion of 2 l of saline is administered over 4 h in the morning and blood pressure is determined at the end of the infusion. On the following day, dietary sodium is decreased to 10 mmol and three doses of furosemide, 40 mg, are administered orally. Blood pressure is determined again the following morning. Following this two-day protocol, salt-sensitive individuals demonstrated a decrease in mean arterial pressure of more than 10 mmHg, whereas mean arterial pressures of salt resistant individuals decreased by less than 5 mmHg. A third (intermediate) group consisted of those whose decrease in blood pressure ranged between 6 and 9 mmHg. Using these criteria and extrapolating to the total population, among the 43 186 000 hypertensive patients in the USA, 51% are salt-sensitive and 33% are salt-resistant. That is, blood pressure control would improve in half of the hypertensive population with dietary salt restriction. Among normotensive individuals, 26% are salt-sensitive and 58% are salt-resistant. Thus, about a quarter of otherwise healthy adults are salt Purpose of review Investigation into the underlying mechanisms of salt sensitivity has made important advances in recent years. This review examines in particular the effects of sodium and potassium on vascular function.
Recent findings
Sodium chloride (salt) intake promotes cutaneous lymphangiogenesis mediated through tissue macrophages and directly alters endothelial cell function, promoting increased production of transforming growth factor-b (TGF-b) and nitric oxide. In the setting of endothelial dysfunction, such as occurs with aging, diminished nitric oxide production exacerbates the vascular effects of TGF-b, promoting decreased arterial compliance and hypertension. Dietary potassium intake may serve as an important countervailing influence on the effects of salt in the vasculature. Summary There is growing appreciation that, independently of alterations in blood pressure, dietary intake of sodium and potassium promotes functional changes in the vasculature and lymphatic system. These changes may protect against development of saltsensitive hypertension. While salt sensitivity cannot be ascribed exclusively to these factors, perturbation of these processes promotes hypertension during high-salt intake. These studies add to the list of genetic and environmental factors that are associated with salt sensitivity, but in particular provide insight into adaptive mechanisms during high salt intake. sensitive and likely are unaware that they respond to increases in dietary salt intake with an increase in blood pressure. This latter observation is important, because a subsequent follow-up study documented that these normotensive salt-sensitive individuals had a cumulative mortality that was similar to that of hypertensive individuals [4] . Risk factors that promote salt sensitivity include race (African-Americans in particular), intrinsic kidney disease, and aging per se [5]. On the basis of largely blood pressure effects of salt intake and demographics, epidemiologists recently estimated that a reduction in sodium intake to about 1.2 g/day (3 g/day NaCl) would reduce the annual number of new cases of coronary heart disease by 60 000, stroke by 32 000, and myocardial infarction (MI) by 54 000; although all would benefit, relative benefits would be greater for blacks (and presumably all patients with salt sensitivity), across all age groups [6 ] .
Keywords
The magnitude of the problem demands an understanding of the pathomechanisms of salt sensitivity, but conclusive evidence of the cause(s) remains elusive. Recent studies have suggested some new insights into the fundamental pathophysiological aspects of salt-induced hypertension, and findings from these publications are the major focus of this review.
Is salt sensitivity a disorder of the immune system?
The traditional paradigm that increased salt intake promotes water retention and expands extracellular fluid volume has been recently challenged by Machnik et al.
[7 ]. Using elegant techniques, these investigators demonstrated that increased salt intake (8% NaCl plus 1% saline as the drinking solution) in rats led to accumulation of Na þ in the skin, promoting an increase in interstitial tonicity along with hyperplasia of the lymphocapillary network. Exploring the mechanism further, they observed that the increase in interstitial tonicity in rats on the high-salt diet promoted infiltrating macrophages to express tonicity-responsive enhancer binding protein (TonEBP), a transcription factor that increased the production of vascular endothelial growth factor-C (VEGF-C). Interestingly, depleting macrophages using liposomal clodronate blocked the local production of VEGF-C and prevented the lymphatic hyperplasia. As a consequence of preventing this compensatory response, blood pressure increased. Years ago, our laboratory demonstrated an increase in the endothelial isoform of nitric oxide synthase (NOS3) in the vasculature of rats on a high salt diet. This increase was mediated in part through transforming growth factor-beta (TGF-b) [8, 9] . The study by Machnik et al. [7 ] confirmed an increase in NOS3 in the capillary endothelium, but the investigators further observed involvement of macrophages and VEGF-C in this process (Fig. 1 ). This novel compensatory response provides a reservoir for Na þ ions to defend against salt-induced volume expansion and likely increases NOS3-generated nitric oxide to prevent an increase in blood pressure. Undoubtedly, this system plays a role in the regulation of blood pressure, since interruption of this protective mechanism promotes salt-sensitive hypertension, at least in small animals. The findings support a role for lymphangiogenesis mediated through the macrophage phagocyte system in the regulation of the blood pressure response to salt intake.
Macrophages may also participate directly in end-organ damage associated with salt-sensitive hypertension. Elmarakby et al.
[10] used etanercept in the desoxycorticosterone acetate (DOCA)-salt rodent model of hypertension to inhibit tumor necrosis factor-alpha (TNF-a), a cytokine produced primarily by monocytes and macrophages. Etanercept reduced renal inflammation and proteinuria without altering the blood pressure effect of DOCA-salt treatment. Interestingly, plasma TNF-a levels are increased in Dahl salt-sensitive rats maintained 38 Circulation and hemodynamics
Key points
Some, but not all individuals respond to high salt intake with an increase in blood pressure. Salt sensitivity and excess salt intake per se promote significant cardiovascular effects. A novel effect of sodium ions on lymphangiogenesis has been described. Dietary salt and potassium intake have distinct actions on the endothelium that are independent of blood pressure. The endothelium appears to serve as a salt and potassium sensor. and flow by altering production of TGF-b, a fibrogenic growth factor that modifies endothelial and smooth muscle function and promotes vascular stiffness, and nitric oxide, a vasodilator that also serves as a potential countervailing influence on TGF-b
Macrophage-derived cytokines, such as VEGF-C and TNF-a, and reactive oxygen species may also directly affect endothelia and vascular smooth muscle and contribute to salt sensitivity. Please see text for details.
on a high salt diet for 5 weeks [11] and in Sabra saltsensitive rats prior to development of hypertension [12 ] . TNF-a levels increase further during salt-loading and development of hypertension in the Sabra strain. This cytokine might play a role in activating NADPH oxidase in polymorphonuclear leukocytes and thereby promote systemic oxidative stress and hypertension in that model of salt-sensitive hypertension [12 ] . Additional studies to determine the effect of TNF-a inhibitors, such as etanercept, in these rodent strains may prove fruitful.
Recent research also suggested that T cells might participate in the pathogenesis of salt-sensitive hypertension.
Guzik et al.
[13] found that RAG-1 À/À mice, which lack both T and B cells, demonstrated a blunted increase in blood pressure and reduced vascular oxidative stress in response to DOCA-salt. The potential role of adaptive immunity in vascular pathology associated with salt-sensitive hypertension has also been examined using normotensive (Brown Norway), hypertensive (Dahl salt-sensitive), and consomic rats (SSBN2; in which chromosome 2 has been transferred from Brown Norway to Dahl rats). Tail-cuff systolic blood pressures were elevated in Dahl rats compared with Brown Norway rats and were reduced in SSBN2 rats compared with Dahl rats. Compared with Brown Norway and SSBN2 rats, Dahl rats exhibited increased inflammatory markers in the aorta, including activation of NF-kB and increased infiltration of CD4 þ T cells. Also observed in aortic tissue of Dahl rats was decreased infiltration of cells of the regulatory T cell lineage, relative to the SSBN2 strain. The authors concluded that this genetic rodent model of salt-sensitive hypertension exhibited increased vascular inflammatory responses that are reduced by transfer of chromosome 2 from a normotensive strain, which also displayed enhanced production of immunosuppressive mediators [14 ] . Although incompletely characterized, the combined findings support a role for adaptive immunity and T cell function in the development of salt-sensitive hypertension and end organ damage.
Dietary salt, transforming growth factor-b, and nitric oxide TGF-b consists of a family of three pleiotropic growth factors that have complex effects on organ development and cell growth and differentiation, but they are particularly important in the expression of extracellular matrix proteins and promotion of vascular and renal fibrosis in a variety of disease states [15] . Although evidence supports similar functions among these three TGF-bs, TGF-b1 is considered the most important mammalian TGF-b family member. TGF-b1 is synthesized by many cell types including endothelium and is secreted as a latent dimeric protein complex [16] . A latency-associated peptide (LAP) is cleaved from the molecule during intra-cellular processing, but remains noncovalently complexed to the mature peptide after secretion. Binding of this complex to latent TGF-b-binding proteins (LTBP) directs it to the adjacent interstitium. Removal of latent TGF-b permits the mature, biologically active form of TGF-b to interact with the receptor [17] . Thus, TGF-b1 secreted by endothelium typically acts on adjacent vascular smooth muscle or endothelium. TGF-b appears to be involved in blood pressure regulation. EMILIN1 knockout mice display increased TGF-b1 signaling in the vessel wall. These animals develop peripheral vasoconstriction and arterial hypertension, which was prevented by inactivation of one TGFB1 allele [18] . Parenteral administration of an anti-TGF-b antibody to Dahl salt-sensitive rats significantly reduced blood pressure and the associated proteinuria, glomerulosclerosis, and interstitial and vascular fibrosis [19] .
Studies in normotensive rats demonstrated excess salt intake rapidly increased endothelial production of active TGF-b [9,20]. As described, dietary salt intake modulates nitric oxide production in normotensive, Dahl/Rapp salt-resistant (R) rats [21] [22] [23] [24] , and healthy humans [25] .
In addition to hemodynamic effects, nitric oxide also modulates salt-induced TGF-b1 production [26] . The intracellular signaling events involved in salt-induced increase in nitric oxide production relate to Akt-mediated phosphorylation of NOS3 at amino acid residue 1176 in rats. Activation of Akt occurs with the formation of a Pyk2/c-Src/phosphatidylinositol 3-kinase complex [27] . Excess salt intake therefore promotes production of TGF-b and simultaneously nitric oxide, which serves as a factor that mitigates the effects of TGF-b. Ultimately, however, it appears that the pro-fibrotic effect of TGF-b cannot be inhibited over time. Yu et al. [28] demonstrated collagen deposition in the arteries, arterioles, glomeruli, and interstitium of the hearts and kidneys of normotensive (WKY) and hypertensive (SHR) rats fed 8.0% salt diet for 8 weeks. Deposition of collagen promotes arterial stiffness, which may also stimulate cardiac hypertrophy and remodeling of the microcirculation. The effect of reduced vascular compliance on the microcirculation is dramatic in the brain and kidney, two organs that are perfused at high flow rates and pulsatile pressures [29] .
Recent studies support a deleterious effect of increased dietary NaCl on vascular structure and function in humans. In a group of 34 hypertensive patients who were otherwise healthy, an increase in sodium intake from 60 to 150 and 200 mmol/day for 4 weeks resulted in a significant increase (0.35-0.39 m/s) in pulse wave velocity (PWV), an indicator of arterial stiffness. SBP and DBP also increased, but the poor correlation of PWV with blood pressure suggested a blood-pressure-independent effect on the vasculature [30 ] . Conversely, in a double-blind, placebo-controlled, cross-over study of older adults with prehypertension, low salt intake increased carotid arterial compliance by 27% by the end of the first week and the improvement stabilized at 46% by the end of the study at week 2 [31] . Dickinson et al. [32 ] examined the effect of reduction in sodium intake from 150 to 50 mmol/day for 2 weeks in overweight (BMI 31.6 AE 2.6 kg/m 2 ) normotensive men and women and observed an improvement in endothelial function, as demonstrated by increased flow mediated vasodilation in patients while on the low salt diet. The authors observed no improvement in PWV but the study was of short duration and was underpowered to detect a less than 2 m/s difference. The effect of salt was also examined in a heterogeneous population of adults with uncomplicated hypertension by administering dietary sodium either at 165 or 110 mmol/day (9.7-6.5 g of salt/day) for 6 weeks. With this modest reduction in salt intake, blood pressure, urinary albumin excretion rates and PWV fell [33 ] . The combined evidence supports a role for dietary salt intake in the regulation of arterial stiffness and perhaps endothelial function.
Evidence in vitro demonstrates a direct effect of sodium concentration present in the medium on endothelial stiffness [34, 35] . Endothelial cells in culture stiffened and produced less flow-induced nitric oxide when sodium concentration in the medium increased from 135 to 145 mEq/l. Altered endothelial cell function from increased medium sodium concentration was observed, however, only in the presence of aldosterone [34] . This finding may have clinical relevance, since reduction of salt intake to very low levels (10 mmol/day) produced a small but significant reduction in plasma sodium concentration (about 3 mEq/l), compared to values obtained from the same patients while on 350 mmol/day salt diet [36] .
Endothelial dysfunction with diminished nitric oxide production, such as occurs with aging or in conditions that produce oxidative stress, might accelerate the effects of TGF-b in the vasculature. Mice lacking NOS3 demonstrate higher mean PWV than wild-type mice [37] . Aging decreases flow-mediated activation of Akt and nitric oxide production and an associated increase in PWV, compared to vascular tissue from young animals [37] . Unlike Dahl/Rapp salt-resistant (R) rats, Dahl/Rapp saltsensitive (S) rats manifest impaired nitric oxide production that is exacerbated by increased salt intake [21, 22] . Vascular and glomerular production of active TGF-b1 and nitric oxide correlate directly in both R and S rats, but production of TGF-b1 is increased in prehypertensive S rats and differences in endothelial production of TGF-b1 and nitric oxide between S and R rats are further exaggerated with institution of the increased salt diet [26] . Inhibition of nitric oxide promotes salt retention and salt-sensitive hypertension [38] and, if protracted, results in renal injury if the animals are maintained on a high-salt diet [39] .
To explore the potential for oxidative stress to deplete nitric oxide and promote salt-sensitive hypertension, Ma et al. [40 ] examined the effects of salt intake on mice that lacked the mitochondrial uncoupling protein 2 (UCP2). Homozygous mice lacking UCP2 demonstrated increased blood pressure and superoxide production and vascular dysfunction with diminished nitric oxide production, while wild-type mice showed no effects of the high salt intake. The findings implicate ROS in the pathogenesis of salt-sensitive hypertension through depletion of nitric oxide. However, this concept was recently challenged by Kopkan et al. [41 ] , who demonstrated that administration of a high-salt diet to mice that lack NOS3 promoted hypertension and intrarenal superoxide production, which improved with administration of Tempol. That blood pressure improved with administration of Tempol in these animals suggested a pressor effect of superoxide independent of endothelium-derived nitric oxide.
The combined evidence supports the paradigm that the way in which the endothelium responds to excess salt intake dictates downstream events in the vasculature. As salt intake increases, the endothelium initially responds by increasing TGF-b, a matrigenic growth factor that promotes vascular stiffness. The increase in nitric oxide production counterbalances the effect of TGF-b, but over time other events, such as production of ROS, interfere with this balance. The long-term consequences would be decreased vascular compliance, vasoconstriction, and hypertension. These events would be exacerbated in patients with salt sensitivity, where excess salt is retained and nitric oxide production impaired.
Sodium is not alone: importance of potassium in salt sensitivity
There is increasing appreciation of a role for dietary potassium in the pathogenesis of salt sensitivity and related vascular disease. The International Study of Salt and Blood Pressure (INTERSALT) suggested that a decrease in potassium excretion by 50 mmol/day was associated with an increase in systolic pressure of 3.4 mmHg and an increase in diastolic pressure of 1.9 mmHg [42] . A meta-analysis of 33 randomized trials that evaluated effects of increased potassium intake on blood pressure concluded that potassium supplementation lowered SBP and DBP by small but significant amounts [43] . In a follow-up analysis of the Trials of Hypertension Prevention (TOHP I and TOHP II), a higher urinary sodium to potassium ratio was associated with increased risk of development of cardiovascular disease [44] . However, at least one recent study suggested that potassium supplementation for 6 weeks did not reduce blood pressure, improve endothelial dysfunction or decrease arterial stiffness in a small group of patients with mild hypertension [45 ] .
In a recent randomized, double-blind, placebo-controlled study, He et al. [46 ] showed that supplementing potassium, either as potassium chloride or bicarbonate, in the diets of mildly hypertensive individuals did not promote reductions in blood pressure, determined by routine clinic blood pressure measurements, but did improve PWV, a measure of arterial stiffness, and endothelial function as determined by flow-mediated vasodilation. Therefore, while the literature on potassium is not completely consistent, along with numerous other studies, this well conducted study provides strong evidence in favor of a role of potassium in cardiovascular protection.
A recent study by Ying et al.
[47 ] provides insight into mechanism. Normotensive rats were given diets containing different amounts of sodium chloride and potassium for 4 days. As dietary potassium increased, salt-induced urinary active TGF-b fell. Inhibition of the large-conductance, calcium-activated potassium (BK) channel inhibited dietary salt-induced vascular production of TGF-b, but did not affect production of TGF-b by ring segments from rats on the low-salt diet. Increasing medium [K þ ] also inhibited vascular production of dietary salt-induced TGF-b. The findings demonstrated an interesting interaction between the dietary intake of potassium and salt and further showed the fundamental role of the endothelial BK channel in the vascular response to excess salt intake [47 ] .
The use of atomic force microscopy has provided new insights into the function of endothelial cells as 'salt sensors' [35] . Using bovine endothelial cells in culture, Oberleithner et al.
[48 ] demonstrated that addition of potassium to the medium swells and softens the endothelial cell and promotes release of nitric oxide. An increase in medium sodium concentration along with addition of aldosterone, which is required with sodium to promote stiffening of endothelial cells in culture [34] , prevented the beneficial effects of potassium on endothelial cell production of nitric oxide. These fascinating in-vitro studies support physiological studies suggesting the endothelium serves as a sensor of salt intake and an important role for potassium concentration to modulate the effect of salt.
Conclusion
It is well accepted that ingestion of excess sodium chloride is unequivocally associated with hypertension in some but not all individuals. However, the underlying mechanisms that promote salt sensitivity are complex and range from genetic to environmental influences. The phenotype of salt sensitivity is therefore heterogeneous with multiple mechanisms that potentially link high salt intake to increases in blood pressure. In addition, excess salt intake has functional and pathological effects on the vasculature that are independent of blood pressure. The ready availability of diuretics has perhaps promoted a lack of attention of physicians to dietary salt intake and recent data may provide new pharmacological tools that target end-organ damage from excess salt intake. At present, the findings of recent studies suggest that emphasizing a diet containing appropriate amounts of sodium chloride and potassium might have therapeutic benefits that equal or exceed those provided by medications. Further investigation into the molecular and cellular mechanisms of the direct actions of sodium and potassium on the vasculature will provide important insights into understanding salt sensitivity, and thus guide and augment personalized dietary strategies to prevent salt-induced blood vessel stiffness and hypertension. . This prospective study investigated the effects of salt reduction on cardiovascular outcomes from a public health perspective and cost evaluation. The results of the trial showed substantial reductions in cardiovascular events and medical costs with dietary salt reduction to about 3 g/day.
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